In this paper, a new DC-link balancing method for a 7-level inverter fed by a photovoltaic system is proposed.
Introduction
Mankind has witnessed an enormous increase in energy consumption over the last 100 years. Renewable energy sources are considered among the most promising solutions to fulfill energy requirements. Solar energy based on the photovoltaic phenomenon allows the direct conversion of solar radiation into DC electrical energy with no noise, no pollution, and no moving parts, making it robust, reliable, and long-lasting [1] . The cost still remains a challenge facing researchers.
However, this system is commonly used in large-area applications such as satellite systems, lighting, mobile applications, drives, or telecommunication systems.
The use of a PV system to supply an AC load is possible after transforming the DC power from PV arrays into utility-grade AC power via static inverters [2] [3] [4] . The simplest topology that can be used for this conversion is the 2-level inverter that consists of 4 switches. Previous works show that the traditional 2-level inverter has limitations in handling high power and voltage applications. Hence, multilevel inverters are strongly suggested as an efficient solution for high-speed semiconductor applications. The multilevel inverter offers higher efficiency and operates at low frequency. Additionally the, use of these inverters allows the generation of a high-output voltage waveform as compared to the 2-level inverter. Their principal advantages are decreased size of the filter, lower dv/dt ratio, lower electromagnetic interference level, and lower switching losses. Multilevel inverters have mainly been used in medium-or high-power system applications, such as static reactive power compensation and adjustable-speed drives [5, 7] . They can be designed by connecting semiconductors in different ways. The most popular topologies are the flying capacitor, cascaded H-bridge, and neutral point clamped (NPC) [8] [9] [10] [11] .
When the number of inverter levels is increased, the output voltage has more steps, and this staircasegenerated waveform will be closer to the desired sinusoidal waveform, reducing harmonics distortion and low voltage stresses. Nevertheless, a high level number in multilevel inverters increases the control complexity. Several pulse width modulation (PWM) strategies for multilevel inverters based on different approaches have been developed in the last decade [11] [12] [13] [14] [15] . The most popular ones are multilevel carrier-based PWM and space vector (SV)-PWM, which has been successfully applied in multilevel converters [12, 13] . However, the power switches operate with relatively high frequency and the elimination of lower-order harmonics is not guaranteed. Selective harmonics elimination PWM (SHE-PWM) has emerged as a promising control modulation method for the multilevel inverter to achieve these objectives. Using this PWM, switches operate at a switching frequency less than 1 KHz, which is suitable for high-power applications [15, 16] .
The major difficulty of this PWM lies in solving its inherent nonlinear equations in order to obtain the switching angles [15] [16] [17] [18] [19] [20] [21] [22] .
Furthermore, multilevel inverters suffer from voltage unbalance of the DC link capacitors. The problem complexity increases when the number of levels is increased above 3. Several solutions have been proposed to overcome this capacitor unbalance problem: an additional power electronics circuit, isolated DC sources, and redundant states with SV-PWM [23] [24] [25] [26] [27] .
In this paper, a 3-phase 7-level NPC inverter to transmit energy from PV modules to the 3-phase induction motor (IM) is studied. The performance of the redundant states associated with the SHE-PWM instead of the SV-PWM to balance the 6 capacitor voltages is discussed in detail. The elimination of the 5th, 7th, and 11th harmonics with self-balancing DC-link voltages is ensured without any auxiliary circuit. Figure 1 shows the configuration of a 7-level NPC inverter. It consists of 3 symmetrical legs fed by 6 DC voltages. By commutating the appropriate switches, each phase can produce 7 different voltage levels, and therefore the generated voltage leg waveform has 7 voltage levels (
NPC 7-level inverter structure
, where V dc is the total input voltage. Each inverter leg can be modeled by a commutation circuit with 7 ideal switches instead of 12 ( Figure 2a) . Thus, the 7-level NPC inverter is equivalent to a 3 × 7 matrix inverter with ideal switches. The matrix structure generates the same waveforms as the NPC structure function of its 6 DC sources (Figure 2b ).
The switch function f kr (k is the leg number 1, 2, or 3; r is the sequence number in a leg) is related to the gate transistor signal ( F kr ) as follows (Table 1) : 
NPC structure
Matrix structure
In the case of the 7-level inverter, there are 343 (7 3 ) switching states that conduct to the space vectors of voltage output, as shown in Figure 3 . The space vector is defined as follows: 
where Sw ki (k is the phase number (1, 2, or 3) and i is the switch number) stands for the leg state, and it can only be given by system of Eq. (3).
Analysis of Figure 3 shows that the connection between the DC voltages and the AC load through the 7-level inverter conducts to 90 distinct configurations (output vector states) related to the points shaping the hexagons (1, 2, 3, 4, and 5). Moreover, the center of the hexagons concerns the zero-output voltage.
The obtained modulated voltages (U AC , U BC ) depend on the switches' functions and the levels of DC voltage as follows:
with:
In our study, the DC voltage V dc is assumed constant, so:
Therefore:
By using this relation, the current capacitors are:
These capacitor currents depend on the AC load currents as follows:
where the coefficients a ij are connected to switching functions f kr via the previous coefficients m ij as: 
Selective harmonics elimination PWM
Various modulation strategies have been developed and studied in detail, such as multicarrier PWM, SV-PWM, and SHE-PWM. Among these strategies, only SHE-PWM allows both control of the output voltage fundamental and the elimination of some harmonics of the lower order. However, the complexity of the SHE-PWM technique increases rapidly with the number of levels of the inverter.
In this paper, the target is to cancel the 5th, 7th, and the 11th harmonics. Therefore, the multilevel staircase voltage leg must contain 4 commutations in its first quarter period. Switching angles in the remaining 3 quarter periods are referred to the first quarter, since the voltage waveform is imposed with a double symmetry as shown in Figure 4 . To proceed with 6 equal DC sources, the waveform of Figure 4 has a Fourier series expansion of the following form:
where n is the harmonic number, c the number of angles necessary to eliminate (c -1 ) harmonics, and ℓ i is unitary coefficients depending on the waveform of the leg voltage (Figure 4 ).
In the case of Figure 4 , these parameters are as follows:
under the following constraint:
While replacing these parameters in Eq. (12) and using the modulation index r (r = 
with m = 4 . The resolution of this class of algebraic equations is generally carried out via the Newton-Raphson iterative method [15, 16, 24] . Nevertheless, this method needs an initialization as close as possible to the solution. To overcome this constraint, another resolution method, based on the resultant theory and symmetric polynomials, was developed in [20] . This technique allows the determination of all possible solutions without any preliminary testing. In the case of the voltage leg imposed as the waveform of Figure 4 , all possible switching angles and the THD related to the corresponding output voltage are depicted respectively in Figure 5a and Figure 5b . It appears that some range of modulation index exhibits double solutions. Therefore, the selection of the optimal one giving the lower THD is possible (Figure 5c ). In order to confirm the validity of the SHE strategy, a test is carried out for r = 0.8. The switching angles, resulting from Figure 5c and related to r = 0.8, lead to the phase voltage and their harmonics spectrum, shown respectively in Figure 6a and Figure 6b . Figure 7 gives the magnitude of the cancelled harmonics and the variation of the fundamental amplitude and its desired value according to r . Figures 5-7 for SHE-PWM, it is observed that:
By analyzing
• As opposed to the Newton-Raphson method [16, 24] , the resultant theory method makes it possible to obtain all the possible solutions.
• For r < 0.57, the system of Eq. (14) does not admit any solution (Figure 5a ).
• For the modulation index r leading to multiple solutions, the inverter is controlled by those that give the weakest THD (Figure 5c ).
• The elimination of harmonics 5, 7, and 11 is ensured for all values of r (Figure 7a ).
• The fundamental voltage follows the desired value (Figure 7b ). 
Proposed DC-link balancing technique
In the previous section, the 7-level inverter, driven by the SHE-PWM, was studied in detail. For this section, it supplies an IM. The DC input voltage inverter is generated by the PV array (Figure 8 ).
In order to feed the inverter by regular voltage, a buck-boost DC-DC converter is associated with the output of the PV array [28] . The maximum power point tracking is done all the time using the perturb and observe algorithm [29, 30] . The electrical model of the PV cell with 5 parameters is shown in Figure 9 . PV cells are regrouped in large units called PV modules, which are further interconnected in a parallel-series configuration to form a PV array or PV generator, in order to reach a high voltage at the terminals. The current I is given as in Eq. (15):
Here, I ph is the photocurrent depending on the solar radiation and the cell temperature, and I 0 is the cell reverse saturation current varying with temperature. R s and R sh are respectively the series and the shunt parasitic resistances. K is the Boltzmann constant, q the charge of electron, A the ideality factor, and T the cell temperature. The power produced by a PV system varies with the amount of sun shining on the module and, to a lesser extent, module temperature. The temperature is held constant, this power variation results in a variable current at a fixed voltage. Increasing temperature reduces PV module output power. Figure 11 shows the capacitor voltages after connecting the PVG-DC-DC converter, 7-level inverter, and IM together. All capacitor voltages are unbalanced.
In order to keep the 6 capacitor voltages as equal as possible, the switching control strategy for multilevel inverter devices is used.
Among the 343 output voltage vectors of the inverter, only 90 can be obtained by different combinations of switching. Therefore, the 7-level inverter switching can be classified into 3 groups. The first one represents the last hexagon of Figure 3 It is formed by 36 vectors that do not connect any of the 3 phases to the common capacitor's potential, and so the capacitor voltages remain unaffected.
The second one is the zero vector value obtained via 7 redundant switching states. They have no effect on the divider behavior. On the contrary, the third group contains 90 vectors corresponding to the 5 remaining hexagons (1, 2, 3, 4, and 5) and representing 300 switching states. In this group, each vector voltage can be obtained by more than one switching combination (redundancy). Table 2 gives more information about this group. In fact the particularity of this group involves the fact that each different switching state has a different effect on the 6 capacitors' state (charge or discharge). Indeed, the different switching states of this group force the load current to flow through different paths. Thus, the direction of current through the DC-link capacitors is different, and variation among DC-link capacitors' voltages is different. Therefore, to make as effective use as possible of these 90 vectors for balancing the DC-link capacitors, it is necessary to study in detail the effect of each one. The study is more complicated than those of 3-and 5-level inverters because of the huge number of switching states to study (i.e. 300). Indeed, using the matrix model of the inverter developed in Section 1, the effect of AC load current i a and i b on the capacitor currents is established (Eq. (9)).
According to their sign, the states of capacitors (charge or discharge C i ) can be known relative to the 300 switching states. To explain the technique used, an example concerning the output vector (-5, -5) is explained.
This vector is part of hexagon 5, and it can be obtained through 2 switching states (redundancies a and b) .
Moreover, the capacitor currents (Eq. (9)) are influenced by switching states via the coefficients a ij . Table 3 gives the values for the 2 redundancies through Eqs. (10) and (11) . These obtained a ij are then substituted into Eq. (9) of the capacitor currents. The analysis has shown that the 6 capacitor currents depend only on the variable E , which stands for (-i a -i b ), as shown in Table 4 . Table 3 . aij values for vector (-5, -5) . 
The analysis of 90 output vectors allows for sorting them into 15 different groups. Indeed, each group has the same effect on the capacitor voltages; it is formed by 6 different output vectors.
Based on the results of this study, an algorithm is developed in order to minimize the difference between the 6 capacitor voltages by selecting the suitable switching redundancy of the actual switching states among the switching states of the group concerned (for this example, Group 3). The switching state is selected based on the following rule: load the unloaded capacitor and unload the loaded one. Otherwise, for the DC-link 7-level inverter, 720 deviations of the 6 capacitor voltages are possible, which would further complicate the study. The developed algorithm has the capacity to find the solution for all existing unbalanced cases.
As an example, the following case of DC-link voltage unbalance is proposed: From Table 4 , if E > 0, the actual switching state (0 0 5) is substituted with (1 1 6) , which conducts charging C 1 and discharging C 6 . In the opposite case, the actual switching combination is used again. The procedure is applied for all 300 switching states using the SHE-PWM signal.
At the end of the operation, another leg voltage waveform that provides the same modulated voltage waveform and the same harmonics spectrum is obtained (Figure 6b ).
The proposed capacitor balancing method is tested by simulation using both MATLAB and Simulink. The PVG-DC-DC converter cascade operates a dynamic load related to the induction motor (Appendix).
The DC output voltage is kept stable at 800 V. Hence, the voltage reference of each capacitor is 133.33 V. The capacitance values are fixed at 20 mF. Figure 12a shows the waveforms of the 6 capacitor voltages when the developed algorithm is applied with effect from time t = 0.3 s. It appears clearly that the 6 voltages diverge from their reference before the balancing algorithm is applied, and they start to converge toward their desired value once the algorithm is used. The voltage deviations ( ∆V dci ) of voltage capacitor V dci , given in Figure 12b , highlight the previous observations. Indeed, the input DC-link 7-level inverter takes the form given by Figure 13a . The capacitor voltages are kept balanced even when the nominal load torque is applied at 0.6 s ( Figure   13b ). Thus, the capacitor voltages maintain balance while keeping the SHE-PWM proprieties.
Conclusion
Multilevel inverters suffer from capacitor voltage imbalance problems. Many techniques have been proposed to solve this problem. One of these techniques is the redundant states method generally associated with SV-PWM.
In this paper, both optimizations of switching angles of a 7-level output waveform inverter using SHE-PWM and self-DC-link voltages balance are investigated. Indeed, the programmed PWM eliminates harmonics rows 5, 7, and 11, with good control of the fundamental based on the resultant theory method. Moreover, a DC-link balancing technique is developed using the redundant switching states of the inverter. In the case of the 7-level inverter, the study can be quite laborious, since it concerns 300 switching states and 720 DC-link unbalance deviations.
In order to simplify the analysis, the inverter is represented by its equivalent matrix model. The obtained results have shown that the DC-link balancing can be involved while maintaining the SHE-PWM performance. The improvement of this technique comes from the fact that balancing the 7-level inverter DC capacitors is carried out with lower device switching frequency due to SHE-PWM, and without any auxiliary circuit. Therefore, energy losses are reduced and hardware costs are decreased for the PV system.
